Sleep is essential for diverse aspects of language learning. According to a prominent concept these beneficial effects of sleep rely on spontaneous reactivation processes. A series of recent studies demonstrated that inducing such reactivation processes by re-exposure to memory cues during sleep enhances foreign vocabulary learning. Building upon these findings, the present article reviews recent models and empirical findings concerning the beneficial effects of sleep on language learning. Consequently, the memory function of sleep, its neural underpinnings and the role of the sleeping brain in language learning will be summarized. Finally, we will propose a working model concerning the oscillatory requirements for successful reactivation processes and future research questions to advance our understanding of the role of sleep on language learning and memory processes in general.
Introduction
In today's multilingual world, interaction amongst people with diverse cultural background and mother tongues is a permanent feature. Thus, learning and mastering new languages becomes increasingly important, and potential approaches to facilitate and accelerate tedious language learning processes are highly desirable for many of us. According to recent findings, sleep might be an ideal state for the application of such learning enhancing approaches (Diekelmann, 2014) . Sleep after learning generally promotes divers aspects of language learning, ranging from word learning to the abstraction of grammatical rules (Batterink, Oudiette, Reber, & Paller, 2014; Henderson, Weighall, Brown, & Gaskell, 2012) . Furthermore, emerging techniques as targeted reactivation of language-related memory representations might fundamentally change how we learn foreign languages in the future.
In this review, we aim at presenting recent models and empirical findings concerning the beneficial effects of sleep on language learning, focussing particularly on studies that actively enhance specific aspects of language learning during sleep. Accordingly, the memory function of sleep and its role in language learning will be reviewed. Furthermore, we will summarize the ability of the sleeping brain to process auditory sensory input, constituting a fundamental requirement for divers learning enhancing techniques. On this basis we will present a series of recent findings concerning the targeted reactivation of foreign vocabulary by auditory cues during sleep, its impact on vocabulary learning and associated neural activity. Finally, we propose a working model on how oscillatory activity during sleep supports the reactivation, stabilization and integration of newly learned words. We conclude that enhancing language learning during sleep by targeted memory reactivation (TMR) provides an exciting new investigation tool, stimulating future research to further understand the neural mechanisms underlying sleep-benefits in language acquisition and consolidation.
Memory and sleep
Language learning is closely tied to basic processes of memory, which can be broadly divided into three core stages: encoding, consolidation and retrieval (Gabrieli, 1998) . During encoding, new and initially labile memory traces are formed that are still highly susceptible to interference. During subsequent memory consolidation, these newly encoded memories are stabilized and strengthened. In addition, the new memory representations are gradually integrated into pre-existing knowledge networks on the cortical level for long-term storage. Finally during retrieval, memories are accessed and recalled.
While encoding and retrieval are clearly tied to the state of wakefulness, sleep plays a crucial role in the consolidation of newly encoded memories (see Rasch & Born, 2013 , for a comprehensive review): Sleep after learning benefits memory consolidation, leading to stronger and better integrated memory traces after sleep, supporting improved retrieval performance. These beneficial effects of sleep on memory have been consistently demonstrated for diverse types of memories (Walker & Stickgold, 2004) , ranging from priming, conditioning and procedural motor memories (Menz et al., 2013; Plihal & Born, 1995 to declarative episodic memories including vocabulary learning Gais, Lucas, & Born, 2006) . Furthermore, sleep has been demonstrated to support processes of abstraction, inference, and insight (Ellenbogen, Hu, Payne, Titone, & Walker, 2007; Lewis & Durrant, 2011; Wagner, Gais, Haider, Verleger, & Born, 2004) . First concepts were formulated almost a century ago and assumed that sleep might solely protect memories passively by a reduction of external interference after learning (Jenkins & Dallenbach, 1924) . Since then, substantial evidence has accumulated indicating that the memory function of sleep goes far beyond these early assumptions by providing consistent support for an active role of sleep for the consolidation of memories (e.g. Born & Wilhelm, 2012; Gais et al., 2006; Walker & Stickgold, 2004) . According to the theoretical account of active system consolidation during sleep (Diekelmann & Born, 2010) , which we will describe in more detail below, a central aspect of the active role of sleep on memory consolidation is the notion that newly encoded memories are spontaneously and repeatedly reactivated during sleep. These reactivations are thought to stabilize and strengthen newly encoded memories for the long-term and to integrate them into pre-existing knowledge networks. Similarly, according to the recent version of the synaptic homeostasis hypothesis ''synapses activated strongly and consistently during sleep survive mostly unchanged and may actually consolidate" (Tononi & Cirelli, 2014, page 15) .
Memories are spontaneously reactivated during sleep
Supporting the notion of a critical role of reactivations during sleep for memory consolidation, replay activity during sleep has been consistently reported in memory-related brain structures, particularly in the hippocampus, in rodents as well as in humans (O'Neill, Pleydell-Bouverie, Dupret, & Csicsvari, 2010; Pavlides & Winson, 1989; Peigneux et al., 2004; Peyrache, Khamassi, Benchenane, Wiener, & Battaglia, 2009) . Pioneering rodent studies could demonstrate that the spatial and even the temporal pattern of neuronal firing, occurring during exploration of a novel environment, are spontaneously reactivated in the same order during subsequent Non-rapid eye movement (NREM) sleep (Skaggs & McNaughton, 1996; Wilson & McNaughton, 1994) . Succeeding experiments additionally indicated that spontaneous memory reactivations are typically time-compressed by a factor of 10-20 (O'Neill et al., 2010) and are closely related to specific oscillations in the hippocampus, the so called hippocampal sharp-wave ripples (SW-R, large amplitude sharp wave followed by a high frequency oscillation in the 200 Hz range) (Ylinen et al., 1995) . Replay activity during sleep has not only been found in the hippocampus but as well in various other memory related brain regions (i.e., prefrontal cortex, ventral striatum, etc. (Ji & Wilson, 2007; Pennartz et al., 2004; Peyrache et al., 2009) ), possibly mirroring the gradual redistribution and integration of memory representations in cortical brain structures.
Based on these findings, the active system consolidation theory postulates that the covert and repeated reactivations of newly encoded memories during NREM sleep sub-serve these system consolidation processes of reorganization and integration (Diekelmann & Born, 2010; Stickgold & Walker, 2013) . System consolidation refers to the two-stage model of memory consolidation (Marr, 1971; McClelland, McNaughton, & O'Reilly, 1995) , stating that initial encoding of memories critically relies on a fast learning memory system (i.e., the hippocampus for declarative memories). After encoding, the information is gradually redistributed into a second, slow-learning memory system in cortical brain areas and integrated into pre-existing knowledge networks. Thereby, memory representations gradually loose their retrieval-dependency on hippocampal structures. According to the active system consolidation theory, this process of gradual system consolidation is actively supported by sleep based on repeated memory reactivations interleaved with reactivation of associated older memories .
It is further assumed that the reactivation and redistribution of memory representation during post-learning sleep is closely linked to sleep-specific oscillatory brain signals characterizing NREM sleep: neocortical slow oscillations, thalamo-cortical spindles and hippocampal SW-Rs (Diekelmann & Born, 2010) . The slow (<1 Hz) oscillation is primarily generated in the neocortex (Steriade, 2006; Timofeev & Chauvette, 2011) . It spreads across the neocortex and mirrors global synchronous changes of neural activity alternating between periods of increased excitability (depolarized ''upstates") and neuronal quiescence (hyperpolarized ''down-state"). Furthermore, slow oscillations affect activity in other brain structures, such as the striatum, locus coeruleus and the hippocampus, potentially coordinating communication between these brain regions and the neocortex (Genzel, Kroes, Dresler, & Battaglia, 2014) . During NREM sleep stage 2, single slow oscillations might occur as K-complexes which are internally generated but can also be triggered by sensory stimulation during sleep (Colrain, 2005) .
The active system consolidation theory ascribes the slow oscillation the role of a time giving pace maker: The depolarizing up-states of the slow oscillation drive repeated reactivations of memory representations in the hippocampus (associated with hippocampal SW-Rs) together with thalamo-cortical sleep spindles (waxing and waning oscillatory events in the sleep EEG in the 11-15 Hz frequency range), thereby enabling the formation of spindle-ripple events. Via increasing Ca 2+ influx into neocortical pyramidal cells, these spindle-ripple events are assumed to provide an important basis for the information redistribution by which reactivated hippocampal memory information trigger enduring plastic changes in neocortical areas (Born & Wilhelm, 2012) . In sum, the theory postulates a crucial role of slow oscillatory activity in synchronizing hippocampal memory reactivations with thalamo-cortical spindle activity, thereby redistributing and integrating the memories into neocortical long-term stores (Bergmann, Mölle, Diedrichs, Born, & Siebner, 2012; Van Dongen, Thielen, Takashima, & Barth, 2012; Rasch & Born, 2013; Rihm, Diekelmann, Born, & Rasch, 2014; Ritter, Strick, Bos, Van Baaren, & Dijksterhuis, 2012) . How can we empirically test the theoretical assumption of a critical role of memory reactivations during sleep for processes of memory consolidation? If reactivation during sleep indeed plays a functional role for the consolidation of memories, experimentally increasing these reactivations should have beneficial consequences for consolidation processes during sleep and result in improved memory performance the next day. Before we will present evidence for the beneficial effect of TMR by reexposure to memory cues during sleep, we will briefly discuss the capability of the sleeping brain to processes sensory stimuli and discriminate semantic categories.
Sensory processing and semantic discrimination during sleep
Traditionally the sleeping brain has been conceived as shut down and quiescent, given that sleep is associated with a reversible reduction in behavioral responsiveness. Processing of external sensory information was believed to be generally reduced or even impossible due a reduction of information flow via the thalamus (''thalamic gating") (McCormick & Bal, 1994; Steriade & Timofeev, 2003) Thalamic gating is mainly due to massive hyperpolarization of thalamo-cortical neurons during sleep originating from brainstem mechanisms (McCormick & Bal, 1994) . These processes result in a firing of widespread neuron populations in a burst mode, which blocks a major part of the incoming sensory information at the thalamic level (Coenen & Vendrik, 1972) . Importantly this statedependent gating occurs as well in the central olfactory pathway that lacks a thalamic relay. Here the gating originates in the brainstem ascending reticular formation, in synchrony with the thalamic gating (Murakami, Kashiwadani, Kirino, & Mori, 2005) .
However, recent findings clearly show that neurons of the primary auditory system are still responsive during sleep (Edeline, Dutrieux, Manunta, & Hennevin, 2001; Issa & Wang, 2008; Nir, Vyazovskiy, Cirelli, Banks, & Tononi, 2015; Pena, Perez-Perera, Bouvier, & Velluti, 1999) , suggesting that the thalamus might not be as effective in gating sensory information as previously believed. Astonishingly, in a study by Issa and Wang (2008) neurons in the primary auditory cortex as well in secondary auditory cortical areas displayed on average even similar discharge patterns during sleep as compared to wakefulness. With regards to olfactory processing, cortical odor-evoked activity is reduced with regards to the wake state but not eliminated during SWS (Wilson & Sullivan, 2011) . Accordingly, the sleeping brain responds to external input, at least to some extent.
Along similar lines, several human studies measuring eventrelated potentials (ERPs) during sleep have repeatedly demonstrated that the sleeping brain is able to discriminate deviant auditory tones from repetitive ones during all sleep stages (for a review see, ). Specifically during NREM sleep stage 2 and SWS, deviant tones elicit K-complexes/EEG surface slow waves of higher amplitude as compared to the standard tone. Using functional magnetic resonance imaging (fMRI), Dangvu, Bonjean, Schabus, Boly, and Darsaud (2011) showed that tones played during NREM sleep activate the primary auditory cortex and thalamus, as well as some regions involved in the processing of auditory stimulation (cerebellum, middle frontal gyrus, precuneus and posterior cingulate gyrus). The activations were particularly strong when the tones elicited a K-complex, suggesting that induced single slow waves after an auditory stimulus might be indicative for enhanced auditory processing at the cortical level, which is in line with earlier findings (Czisch et al., 2009 ). Interestingly, this activity pattern induced by presenting the tone during NREM sleep was completely absent when the tone was played during the occurrence of a sleep spindle. The authors concluded that sleep spindles can strongly reduce the transmission of sensory information to the cortex and might transiently isolate the cortex from auditory input.
In addition to the detection of physical stimulus characteristics, the ability to discriminate semantic meaning of words is also preserved during sleep. Presenting one's own name during NREM sleep elicits increased responses in early portions of KKomplexes and leads to a stronger activation of auditory brain areas as compared to the presentation of other names or tones (Perrin, García-Larrea, Mauguière, & Bastuji, 1999; Portas et al., 2000; Pratt, Berlad, & Lavie, 1999) . Furthermore, presentation of semantically incongruent word pairs during sleep led to an enhanced N400, which is typically elicited through the perception of semantically unrelated information during wakefulness and is understood as marker of verbal discordance (Brualla, Romero, Serrano, & Valdizán, 1998; Perrin, Bastuji, & Garcia-Larrea, 2002 ). An increased N400 was even observed after presentation of incongruent sentences during N2 sleep (Ibáñez, López, & Cornejo, 2006) , strongly suggesting that semantic discrimination is preserved during NREM sleep to some extent. In sum, the sleeping brain is clearly able to process auditory and olfactory information, to establish short-lasting representations of sensory memory and to discriminate sensory input depending on its semantic content. This capability of the sleeping brain to successfully process external sensory information provides an important prerequisite for inducing memory reactivations during sleep by associated memory cues, which we will discuss in the next section.
Inducing reactivations by cueing during sleep
According to the concept of context-dependent memory (Godden & Baddeley, 1975; Smith & Vela, 2001) , the learning context is always associated with the to-be-learned information and becomes integrated in the stored episodic memory trace. Thus, later re-exposure to the learning context reactivates the memory and facilitates voluntary retrieval. In a first attempt to prove the functional significance of reactivations for memory formation, we used contextual odors to reactivate memories during sleep (Rasch, Büchel, Gais, & Born, 2007) . Olfactory stimuli have a high potency as contextual retrieval cues (Chu & Downes, 2002) and can be presented during sleep without disturbing on-going sleep (Carskadon & Herz, 2004) . In our study, participants learned an object-location task while smelling a rose odor. During subsequent SWS, either the odor was administered again to the participants or an odorless vehicle substance was used, in a within-subject design. In support for the critical role of reactivations for memory consolidation during sleep, odor re-exposure during NREM sleep significantly enhanced recall performance the next day as compared to nights without the odor. Furthermore, re-exposure to the odor during SWS activated the hippocampus as revealed by fMRI . Thus, re-exposure to the contextual odor during sleep triggered hippocampal reactivations of the learning material, which then benefited the consolidation, strengthening and integration of the newly encoded memories into long-term knowledge networks. Importantly, we have now successfully replicated the beneficial effect of odor re-exposure during NREM sleep on memory consolidation in two additional and independent studies (Diekelmann, Büchel, Born, & Rasch, 2011; Rihm et al., 2014; ) . Furthermore, Hauner, Howard, Zelano, and Gottfried (2013) reported that reexposure to odors during a nap reduces fear memories in humans. In contrast, inducing ''E-odors" during sleep in rodents by electrical activation of neurons within the piriform cortex strengthened associated fear-memories (Barnes & Wilson, 2014) . Nonetheless, differences in the conditioning procedure and the experimental protocol between those studies might be responsible for the contradictory results (for a detailed discussion see Diekelmann & Born, 2015) . Still, in opposition to reactivation during NREM sleep, we do not observe any memory benefits of odor re-exposure during REM sleep even after controlling for the time interval of odor re-exposure during sleep with respect to the learning phase (Cordi, Diekelmann, Born, & Rasch, 2014; .
In addition to odors, several studies were able to demonstrate that also auditory stimuli presented as memory cues during NREM sleep effectively improve consolidation processes during sleep (Oudiette & Paller, 2013 for a review). For example, individual sounds indicative for a certain to-be-learned card location activate parahippocampal regions during sleep and improve subsequent memory retrieval Rudoy, Voss, Westerberg, & Paller, 2009 ). Furthermore, auditory cueing during sleep activates hippocampal neurons (Bendor & Wilson, 2012) , enhances skill learning (Antony, Gobel, O'Hare, Reber, & Paller, 2012; Schönauer, Geisler, & Gais, 2013) , promotes explicit knowledge of a motor task (Cousins, El-Deredy, Parkes, Hennies, & Lewis, 2014) extinguishes fear memories (He, Sun, Li, Zhang, & Shi, 2015; Rihm & Rasch, 2015; Rolls et al., 2013) , enhances the consolidation of emotional memories (Cairney, Durrant, Hulleman, & Lewis, 2014) and might even affect building of stereotype (Hu et al., 2015) . Importantly, such beneficial effects of cueing during sleep depends on the structural integrity of the hippocampus, as these effects are completely absent in patients with unilateral or bilateral hippocampal sclerosis (Fuentemilla et al., 2013) . Furthermore, they depend on the prior performance level in healthy subjects (Creery, Oudiette, Antony, & Paller, 2015) . Thus, TMR during sleep activates hippocampal regions and benefits memory consolidation processes of newly encoded stimuli, resulting in better long-term memory. In the next paragraph we will turn to language learning and sleep, and how we can use similar approaches and techniques discussed so far to improve vocabulary learning or other aspects of language learning.
Sleep and language learning
Language learning mainly encompasses the association of symbols and sounds with meaningful concepts and allows us to describe the external environment and our internal thoughts (Pinker, 2000) . As sleep is clearly involved in consolidation processes underlying the formation, strengthening and integration of associations (see above), it appears quite obvious that sleep may play a fundamental role in language learning. In support for this notion, numerous findings provide evidence for the beneficial influence of sleep on establishing the ''mental lexicon", particularly with respect to word learning. For example, sleep has been proven to support vocabulary learning in children and adolescents (Gais et al., 2006; Henderson et al., 2012) , to promote the generalization of word meaning in infants (Friedrich, Wilhelm, Born, & Friederici, 2015) , to benefit speech production (Gaskell et al., 2014) , speech recognition (Fenn, Nusbaum, & Margoliash, 2003) and importantly the integration of new words into pre-existing knowledge networks (Dumay & Gaskell, 2007) . Interestingly, important oscillatory indicators of this integration processes were sleep spindles during the retention interval (Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010) and theta activity during later recognition testing (Bakker, Takashima, van Hell, Janzen, & McQueen, 2015) .
While most studies linking language learning and the memory function of sleep concentrated on learning and integration of new words, some recent evidence suggests that sleep also supports grammar learning. Three recent studies could demonstrate that sleep facilitates the learning and extraction of new grammatical rules: Specifically, infants who were allowed to sleep after exposure to an artificial grammar demonstrated greater rule abstraction (Gómez, Bootzin, & Nadel, 2006) . In the same vein in adults, sleep enhances rule abstraction to an artificial grammar (Nieuwenhuis, Folia, Forkstam, Jensen, & Petersson, 2013) and the learning of hidden linguistic rules (Batterink et al., 2014) . In this context, the known beneficial effects of sleep for generalization and abstraction seem to be specifically important (e.g. Stickgold & Walker, 2013) . Furthermore, there is first evidence that grammatical generalization can as well be influenced by TMR during sleep (Batterink & Paller, 2017) . As in prior studies investigating sleep and grammar learning, participants learned the grammatical rules of an artificial language in this study. Importantly, phrases from the previously learned language were repeatedly presented during a subsequent afternoon nap. As compared to participants from a control condition, which received stimuli from an unrelated task during sleep, participants re-exposed to the phrases during sleep showed enhanced grammatical generalization afterwards, indicating that grammar learning may profit from cueing during sleep.
From a theoretical perspective, Davis and Gaskell (2009) proposed a complementary learning systems (CLS) consolidation model for word learning, which is closely linked to the active system consolidation theory of memory formation during sleep described above. The model distinguishes between two stages of learning and lexicalization of new words: At a first stage the hippocampus is pivotal and the initial familiarization with the new word leads to the formation of a sparse individual memory representation of the new word. These newly encoded memory representations are then replayed off-line, particularly during sleep, resulting in a creation and strengthening of a more distributed and integrated lexical representation (i.e.: phonological form and meaning of spoken words) in neocortical long-term memory. During this second stage, the distributed lexical representation is allowed to compete with overlapping representations during speech perception (Davis & Gaskell, 2009) , enabling automaticity in word recognition. In animal models of language learning, reactivation during sleep might similarly be critical for song learning in birds (Dave & Margoliash, 2000) , although the general mechanisms of system consolidation during sleep may differ between mammals and birds (Rattenborg, Martinez-Gonzalez, Roth, & Pravosudov, 2011) . Thus, reactivation processes during sleep may be the key for an efficient consolidation processes in word learning or even language learning in general.
Improving vocabulary learning by cueing during sleep
If reactivation is indeed critical for language learning during sleep, TMR during sleep should lead to significant improvements in this context. In a recent study we made the first important step in this direction. We tested whether re-exposure to complex verbal cues during sleep induces reactivations during sleep and improves vocabulary learning (Schreiner & Rasch, 2015a) . In our study, participants learned new Dutch words and their German translations in the evening. During subsequent NREM sleep, we replayed only the prior learned Dutch words (without the German translation) to reactivate the newly learned association between the Dutch and German words. During post-learning sleep, only half of the newly learned words were replayed (cued words) while the others were not (uncued words, see Fig. 1A , for a summary of the experimental procedure). Consistent with the theoretical predictions, replay of the Dutch words during sleep led to improved memory recall for the German translation of the cued words tested after sleep as compared to the uncued words (see Fig. 1B ). Interestingly, recall performance of the uncued words was quite similar to an additional group receiving no verbal cues during sleep, indicating After studying 120 Dutch-German word pairs in the evening, participants slept for 3 h or stayed awake during this time, depending on the experimental group. During the retention interval, parts of the Dutch words were repeatedly presented again for 90 min. After the retention interval, participants were tested on the German translation of the Dutch words using a cued recall procedure. (B) In the cueing sleep group, memory for the German translation of the cued Dutch words (black bar) was significantly improved when compared with uncued words (white bar). Recall of uncued words in the main sleep group was comparable with recall performance of words in the control sleep group, which did not receive any cues during sleep. (C and D) In contrast to cueing during NREM sleep, no enhancing effects of cueing on later memory retrieval occurred during wakefulness in both the active and the passive waking groups, neither during night-time nor during daytime wakefulness. (E and F) When presentation of Dutch words during sleep was immediately followed by correct and false feedback (i.e., correct or false German translation, gray bar), the beneficial effects on memory of cueing during sleep were completely blocked, as there was no difference in memory performance to uncued words (white bar). Again replay of single Dutch cues (black bar) significantly enhanced memory for the German translations. (G) For the control group a very similar enhancing effect appeared when Dutch cues were followed by delayed correct feedback (1500 ms instead of 200 ms) as compared to uncued words (white bar) and Dutch cues which were immediately followed by a tone (gray bar). Retrieval performance is indicated as percentage of recalled German translations with performance before sleep set to 100%. Values are mean ± s.e.m.
⁄ P 6 0.05; +P < 0.07.
that the benefits of auditory cueing indeed exceed the normal consolidation effects of sleep on memory and that cueing during sleep on memory occurred without any obvious ''costs" (i.e. verbal cueing seems not have disturbed ongoing consolidation processes during sleep).
In addition, we showed in a total of four independent experimental groups that the beneficial effect of post-learning cueing for vocabulary learning is specific to sleep: When participants learned the Dutch-German word-pairs in the evening and listened to the Dutch cues while being awake during night-time, retrieval performance for cued and uncued words did not differ in spite of an identical circadian timing of learning, retention and retrieval phases (Fig. 1C) . To exclude tiredness as a confounding factor, we also tested the effect of vocabulary cueing during active and passive daytime wakefulness (Schreiner & Rasch, 2015b) . Again, no benefits of cueing emerged although participants were well rested during retrieval testing (see Fig. 1D ). Independent of cueing, the results replicate the general benefits of sleep as compared to wakefulness for vocabulary learning, which can be further improved by cueing during sleep.
Note that in all of these studies we have only used the Dutch word without the German translation as memory cues. This reactivation procedure is based on the idea of reactivating the German translation during sleep by presenting solely the memory cue (the Dutch word). However, it is conceivable that the presentation of the whole word-pair during sleep could potentially be even more beneficial for memory: Re-exposure to the Dutch word immediately followed by its German translation might reactivate and strengthen the whole memory traces to a greater extent as compared to re-exposure to the Dutch word alone. To test this important question, in a subsequent study (Schreiner, Lehmann, & Rasch, 2015) participants learned again Dutch words and their German translations in the evening. During subsequent sleep, one third of the newly learned words were replayed without the German translation (single cue), one third was replayed immediately followed by the correct German translation (cue + feedback) and one third was not replayed during sleep (uncued). While we could replicate our former finding that cueing of single Dutch words enhances memory performance, the benefits of cueing Dutch vocabulary during sleep were completely blocked when memory cues were directly followed by correct feedback (Fig. 1E) . In an additional group, exactly the same result pattern emerged when the Dutch word was immediately followed by a false German translation, without any further impairment in the feedback condition. This result pattern strongly suggested that the blocking of the benefits of single word cueing during sleep does not depend on the content of the second word but more crucially on the timing of the second stimulus (Fig. 1F) . We substantiated this conclusion by running a third group varying the timing and the content of the second auditory stimulus. Here, replayed Dutch cues were again followed by the correct German translation but with a longer inter-stimulus interval (1500 ms instead of 200 ms, cue + late feedback), while others were immediately followed by a pure tone (cue + tone). We hypothesized, that if the timing of the feedback is substantial and further the content does not play any crucial role, a neutral second stimulus such as a tone should as well block the beneficial effects of cueing, while a longer inter-stimulus interval might resolve that. Additionally, one third of the Dutch group was again not replayed during sleep (uncued). Importantly, while playing a tone immediately after the Dutch word completely blocked any benefits, the memory enhancing effect of cueing during sleep re-emerged when feedback was played after an additional time delay (Fig. 1G) . The result pattern clearly indicates that a undisturbed period of approximately 1-2 s after cue presentation during sleep is critically needed, in order to let reactivation-induced plasticity processes unfold their benefits on the stabilization of memory representation of newly learned foreign vocabulary.
Interestingly, presenting the whole memory content (i.e. 'cue + correct feedback') did not further strengthen memories during sleep in our study, even when the feedback was presented with a sufficient time delay. Several reasons might explain this finding. First, there might be a restricted capacity for reactivation processes during sleep. Evidence for such a limited capacity comes from a rodent study accomplished by Bendor and Wilson (2012) , in which cueing did not increase the overall number of reactivation events on the level of the hippocampus. Second, there might be a ceiling effect on the behavioral memory benefit of cueing: As cues were repeatedly presented during sleep, additional presentation of the German word might have triggered reactivation without additionally enhancing memory strength. And third, directionality of cueing during sleep is still unclear. As words were acquired with a clear direction during the learning phase (Dutch?German), it is unclear whether presentation of the German word alone results in behavioral memory benefits. Finally, repeated auditory cueing might have provoked refractoriness in slow oscillation and sleep spindle generating networks. Recent studies demonstrated such a refractoriness with regards to the presentation of consecutive click sounds during sleep (Ngo, Claussen, Born, & Mölle, 2013; Ngo et al., 2015) .
Oscillatory correlates of vocabulary cueing during sleep
During wakefulness, a cascade of molecular mechanisms is necessary to stabilize memories immediately after their encoding or reactivation, as described in studies concerning consolidation or reconsolidation processes (McGaugh, 2000; Nader & Hardt, 2009; Tronson & Taylor, 2007) . In contrast, plastic processes on the molecular level underlying stabilization after reactivation during sleep are still largely unknown, but might possibly involve similar mechanisms (Havekes, Meerlo, & Abel, 2015) . So far, oscillatory parameters associated with successful memory reactivation during sleep have provided first insights into plasticity processes supporting stabilization, strengthening and integration after reactivation during sleep.
During wakefulness, oscillatory activity in the theta (4-7 Hz) and gamma (25-100 Hz) range have been consistently linked to the successful encoding and retrieval of new declarative information (Nyhus & Curran, 2010) . Theta as well as gamma activity are associated with processes of long term potentiation (LTP) and synaptic plasticity, thereby facilitating the encoding of new memories (Axmacher, Mormann, Fernández, Elger, & Fell, 2006; Huerta & Lisman, 1995; Hyman, Wyble, Goyal, Rossi, & Hasselmo, 2003) . Furthermore, theta-gamma interactions seem to provide the means for the temporal ordering and binding of individual memory representations. Gamma rhythms are assumed to represent and bind the perceptual features of a memory representation during encoding and to supply a coherent pattern of activity as input to the hippocampus, while theta activity provides the mechanism to order those representations (Lisman & Jensen, 2013; Nyhus & Curran, 2010) . With regards to the retrieval of declarative memories, those theta and gamma patterns are assumed to cause the reinstatement of the entire memory representation in the cortex through hippocampal-cortical feedback projections (Nyhus & Curran, 2010) . Theta activity also reflects the successful integration of new words in the existing mental lexicon (Bakker et al., 2015) and the internal strength of episodic memory traces (Klimesch et al., 2006) . For example, theta and gamma activity is typically increased for correctly recognized words (hits) as compared to correctly rejected new words (Mormann et al., 2005; Osipova et al., 2006; Trimper, Stefanescu, & Manns, 2014) . In our recent work (Schreiner, Göldi, & Rasch, 2015) we similarly observed increased theta activity for correctly recognized Dutch vocabulary during recognition testing after sleep. Furthermore, correct recognition of words that had been replayed during sleep elicited stronger theta activity compared to uncued words (Fig. 2) , possibly reflecting an enhanced integration of the newly learned words into mental lexicon by cueing during sleep (Bakker et al., 2015) and the presence of a stronger memory trace (Klimesch et al., 2006) .
In parallel to these findings from waking studies, we observed also strong evidence during NREM sleep for increased theta activity after successful cueing as compared to unsuccessful cueing. In our first study using solely single cues (Schreiner & Rasch, 2015a) , a cueing-related increase in induced theta power during NREM sleep was clearly visible and strongest for those words that were gained by cueing during sleep (i.e., not remembered before sleep, but successfully retrieved after cueing during sleep). In addition, we observed an increase in oscillatory activity in the sleep spindle range specifically during SWS. Similarly in our subsequent sleep study , presenting single cues (i.e., the Dutch word alone) during NREM sleep consistently resulted in an increase in oscillatory theta and spindle activity during trials of successful memory reactivation. However, when the correct or false German translation was presented immediately following the first memory cue, this increase in theta and spindle oscillations were completely blocked. The blockade of this important oscillatory pattern was also observed when presenting the pure tone after the cue. In all of these three conditions, abolishing oscillatory activity on the neural level was paralleled by a blockade of memory benefits of cueing on the behavioral level. In contrast, the increase in theta and spindle oscillation re-emerged when the verbal feedback was presented after the time delay of 1500 ms, together with the behavioral memory benefit of cueing during sleep. Still, an open question with regards to these empirical findings is, which processes constitute such critical time frames after cueing during sleep. In line with the active system consolidation theory one might speculate that the benefits of cueing depend on the timing of slow oscillations/K-complexes. Slow oscillations coordinate reactivation-associated SW-R activity (Isomura et al., 2006; Sirota & Buzsáki, 2005; Sirota, Csicsvari, Buhl, & Buzsáki, 2003) , with SW-Rs occurring mostly at the transitions between down and up states (Battaglia, Sutherland, & McNaughton, 2004; Peyrache, Battaglia, & Destexhe, 2011) . Thus, slow oscillations should as well constitute a crucial key factor for cueing success by providing the temporal frame for reactivation processes and the dialogue between the neocortex and subcortical structures. Conforming with this assumption the number of slow waves following the memory cue was similarly associated with cueing success in all of our studies. With regards to the observed critical time window of 1-2 s which seems to be needed in order to let cueing specific effects unfold, one might assume that at least one full slowoscillation (including one down and one up-state) would be required after cueing to improve memory strength, as the frequency range of slow waves ranging from 0.5 to 1.5 Hz exactly encompasses this time range (0.75-2 s). Speaking for such an interpretation, unpublished work suggests that replay activity after cueing occurs mostly during the slow oscillations up-states after cue presentation (Antony, Piloto, Paller, & Norman) . Additionally, there is strong evidence that neocortical slow oscillation induce grouping effects on spindle and ripple activity, with synchronized activity during the slow oscillations up-states (Clemens et al., 2007; Staresina et al., 2015) . Given the pattern of results obtained in our studies we would assume that slow oscillations have a similar time-giving effect on theta activity, with theta activity being coupled to the slow oscillations up-states. Taken together, after cueing during sleep, the occurrence of a synchronized up-state and its associated oscillatory processes (endogenous reactivation signals, SW-R, spindles/theta oscillations and associated plastic processes, e.g. early gene expression, calcium influx, etc.) are possibly required to allow memory benefits to unfold. Therefor, immediate presentation of a second word right after the cue might disturb the development of a synchronized up-state and block the memory benefits of cueing.
Thus overall, the behavioral memory benefits of cueing vocabulary during sleep are tightly linked to activity increases in theta and spindle oscillations. This result pattern provides strong evidence for a critical role of oscillatory processes in the theta and Fig. 2 . Effects of cueing on theta activity during later recognition testing during wakefulness. (A) Oscillatory activity recorded during recognition was computed for hits (words correctly identified as old) and correct rejections (words correctly identified as new). Theta power (representative electrode Pz) was significantly stronger for hits as compared to correct rejections. Bar charts indicate the number of significant electrodes over time. (B) To specifically determine potential effects of cueing, the total number of recognized old words was divided into old words replayed during sleep (cued) and old words not replayed during sleep (uncued). Cued old words elicited significantly stronger theta activity over centro-parietal regions. (C) Theta power significantly differed between old and new words in source space (time window: 600-1300 ms). Activation was found in the left inferior prefrontal cortex, specifically Brodmann areas (BA) 47 and 45 (Broca's area). Activation is displayed on an anatomical template image on an axial, coronal and sagittal slice at a threshold of p = 0.005 and cluster size of k > 50. spindle range and/or its associated molecular plastic processes together with the occurrence of slow oscillations for a successful stabilization of reactivated memories traces during NREM sleep.
A working model for stabilizing reactivated memories during sleep
Unlike sleep spindles and slow oscillations, theta activity is not yet included in current theoretical models of sleep and memory processes during NREM sleep. However, several recent findings support the notion that theta activity during NREM sleep might be implicated in on-going memory processing during sleep. For example, faster theta frequency and increased theta power during NREM sleep predicted better subsequent memory performance in patients with Alzheimer's disease and amnestic mild cognitive impairment, as well as healthy participants (Hot et al., 2011; Schabus, Hoedlmoser, Pecherstorfer, & Kloesch, 2005; Westerberg et al., 2012) . In addition, theta activity is increased during processing of rare stimuli in a mismatch paradigm, suggesting an involvement of theta oscillations during sleep in sensory memory processing of auditory stimuli (Karakas ß, Cakmak, Bekçi, & Aydin, 2007) . Furthermore, a recent study demonstrated that spike timing during delta-nested theta rhythms controls a reciprocal interaction between deep and superficial cortical layers, mimicking the alternating cortical dynamics of sensory and memory processing during wakefulness (Carracedo et al., 2013) . While our findings additionally suggest that theta oscillations may play a crucial role in association with reactivation and stabilization processes during sleep, the exact contribution of theta oscillations for consolidating memories during sleep and its potential interplay with sleep spindles and slow oscillations is still unclear.
In our working model (Fig. 3) , we propose that theta activity represents the successful reinstatement of the memory representation after cueing. Thus, increase in theta activity will occur when (a) the association between the memory cue and the to-bereactivated memory representation is strong enough and (b) when the cue is presented at an appropriate time and in an appropriate way (i.e. intensity, etc.) to successfully reinstate the associated memory representation. We assume that increases in theta activity are in principle independent of the macro state of the brain (i.e. sleep vs. wakefulness, NREM vs. REM sleep, etc.). Thus, increases in theta activity after successful memory reactivation should occur during NREM sleep, waking and maybe even REM sleep. As described above, increases in theta activity have been consistently observed during successful retrieval and recognition during wakefulness (Jacobs, Hwang, Curran, & Kahana, 2006; Klimesch et al., 2001) as well as during successful reactivation during NREM sleep (Schreiner & Rasch, 2015a) and is assumed to coordinate replay Fig. 3 . Working model and empirical findings for neural oscillatory mechanisms underlying the memory benefits of cueing during sleep. (A) The presentation of a memoryrelated cue during NREM causes the hippocampus dependent reinstatement of the entire memory representations in the cortex, which is coded in theta and gamma activity. The theta-gamma interaction provides the means for the temporal ordering and binding of individual memory representations. Sleep spindle occurring in parallel or shortly after increases in theta activity are necessary to support the stabilization, strengthening and integration of the reactivated memory representation during sleep. (B) Disturbing these combined oscillatory signals by presenting further auditory stimuli in close proximity disrupts the reinstatement (theta, gamma) and stabilization/integration (spindle) process and blocks the beneficial effect of cueing during sleep. Delaying further auditory stimulation by a least 1.5 s after the cue is sufficient for a successful completion of the stabilization and integration process (not shown, see Fig. 1G ). (C) In our recent study successful cueing of Dutch words during NREM sleep was associated with enhanced power in the theta and spindle band (representative electrode F3). Verbal cues were presented at time 0 ms. (D) The differences in the theta and spindle band vanished when Dutch cues were immediately followed by feedback. Importantly this effect was paralleled by a blockade of memory benefits of cueing on the behavioral level, indicating the critical role of theta and spindle activity for successful memory reactivations. activity during working memory maintenance (Fuentemilla, Penny, Cashdollar, Bunzeck, & Düzel, 2010) .
Based on findings from waking studies (Nyhus & Curran, 2010) , we similarly assume that oscillatory theta and gamma during NREM cause the hippocampus-dependent reinstatement of entire memory representations in the cortex. In addition, thetafrequency activity might facilitate the initiation of synaptic potentiation (Larson, Wong, & Lynch, 1986) and might play a role in coordinating the activity of the hippocampus and the prefrontal cortex (Benchenane et al., 2010) . However in our view, increases in theta activity do not necessarily predict the fate of the reactivated memory representation, as the latter depends mainly on the macro state of the brain together with subsequent external input: During waking, reactivated memories might either be strengthened (if correct feedback is given or when they are actively re-encoded), unchanged or even destabilized (if interfering input occurs after reactivation according to reconsolidation theory (Nader & Hardt, 2009) ). In contrast during NREM sleep, successfully reactivated memories are always strengthened as long as stabilization processes occurring immediately after reactivation remain undisturbed.
Concerning sleep spindles, we assume that sleep spindle oscillations occurring in parallel or shortly after increases in theta activity are necessary to support the stabilization, strengthening and integration after successful reinstatement of the memory representation by the memory cue. The active system consolidation hypothesis assigns sleep spindles a critical role in redistributing reactivated hippocampal memories to neocortical circuits (Born & Wilhelm, 2012) : Hippocampal reactivation signals are nested in individual spindle troughs (Mölle, Eschenko, Gais, Sara, & Born, 2009; Siapas & Wilson, 1998; Sirota & Buzsáki, 2005; Staresina et al., 2015) and sleep spindles prime and/or maintain long-term potentiation (LTP) in cortical networks by triggering Ca 2+ inflow for subsequent synaptic plastic processes (Contreras, Destexhe, & Steriade, 1997) . However, sleep spindles per se are not necessarily directly associated with hippocampal activity (Andrade et al., 2011) , and reactivation processes in rodents occur slightly before the appearance of spindles (Peyrache et al., 2009 ). In addition, the cortex is presumably even deafferented from hippocampal and thalamic inputs during sleep spindles (Peyrache et al., 2011) , possibly indicating that sleep spindle activity might not be directly associated with the information redistribution but rather stabilizes and strengthens memory traces, which were reactivated just before the sleep spindle (Genzel et al., 2014) . In our view, spindle activity enables local, undisturbed cortical reprocessing of previously reactivated memories, while the reactivation itself is associated with theta activity. Thus, a successful reinstatement of memory representation (as indicated by transient increases in theta activity) together with subsequent occurrence of oscillatory spindle activity might be necessary to induce plastic changes underlying the stabilization of memories upon their reactivation during sleep. Disturbing these combined oscillatory signals (e.g., by presenting auditory stimuli immediately after successful reactivation) disrupts the reinstatement (theta) and stabilization (spindle) process and blocks the beneficial effect of cueing during sleep (see Fig. 1E -G). Our working model would also predict that successful memory reactivation during REM sleep could result in increases in theta activity (i.e. successful memory reinstatement), but does not lead to a stabilization of the memory trace due to missing spindle oscillations. Conversely (if at all possible), inducing spindle activation immediately after reactivation during REM sleep should result in memory benefits of cueing.
Still, as we derived our working model from experimental data where memory reactivations were externally induced by cueing procedures, one might ask whether the same oscillatory patterns would be traceable when it comes to spontaneous reactivation processes. In order to clarify this important issue, future studies would need to search for the co-occurrence of oscillatory activity in theta and spindle range and correlate these measures with subsequent memory performance.
What role do slow oscillations play in our working model? According to the active system consolidation theory, slow oscillations represent a time-giving pace maker, orchestrating neural processes related to the reactivation of prior encoded memories during sleep. Slow oscillations have been repeatedly shown to group sleep spindles (Mölle, Bergmann, Marshall, & Born, 2011; Mölle, Marshall, Gais, & Born, 2002 ) whereas a recent report indicated theta to be nested in ongoing delta activity (Carracedo et al., 2013) . Furthermore, several lines of research suggest that slow oscillations effectively coordinate SW-R activity in the hippocampus (Isomura et al., 2006; Sirota & Buzsáki, 2005; Sirota et al., 2003) and thus potentially also hippocampal reactivation processes. While successfully reactivated and strengthened memories in our studies were more often followed by EEG surface slow waves, words that did not benefit from cueing during sleep were also followed by slow oscillations. Similarly, pharmacological enhancement of slow wave activity alone without increasing spindle activity does not improve overnight memory consolidation (Feld et al., 2013) . In addition, benzodiazepines are known to enhance sleep spindle activity and suppress slow wave activity (Arbon, Knurowska, & Dijk, 2015; Brunner, Dijk, Münch, & Borbély, 1991) . However, the effects of benzodiazepine administration on memory consolidation during sleep are quite inconsistent, including detrimental effects (Hall-Porter, Schweitzer, Eisenstein, Ahmed, & Walsh, 2014), no effects (Melendez et al., 2005) as well as positive effects (Kaestner, Wixted, & Mednick, 2013; Mednick et al., 2013) . Thus, neither enhancing slow wave nor spindle activity alone is sufficient to enhance the memory function of sleep, while simultaneously increasing slow wave and spindle activity by auditory or electric stimulation does (Marshall, Helgadóttir, Mölle, & Born, 2006; Ngo, Martinetz, Born, & Mölle, 2013; Ngo et al., 2015) . Thus, slow oscillations alone are not effective alone, but might represent a relevant pre-requisite for cueing success by providing the temporal frame for reactivation processes and the dialogue between the neocortex and subcortical structures. Within this time frame, activity in the theta and spindle range are then critical for successful memory reinstatement and its subsequent stabilization/strengthening after cueing during sleep. Note that we did not synchronize the verbal cues to a specific phase of endogenous EEG slow waves. Thus, it remains an intriguing question, whether replaying the auditory cues precisely into the slow oscillations up-states, which are associated with enhanced neural activity and might represent brief wake like fragments during sleep (Destexhe, Hughes, Rudolph, & Crunelli, 2007) , would further enhance the beneficial effects of cueing vocabulary during sleep.
Conclusion
In sum, the findings reviewed above demonstrate the crucial role of sleep in language and specifically word learning. It has been shown that sleep promotes divers aspects of language learning, from word learning to the abstraction of grammar rules (Batterink et al., 2014; Henderson et al., 2012) and possibly constitutes an ideal state in order to facilitate and accelerate distinct learning processes. In this vein, evidence that foreign vocabulary are capable of inducing such reactivation processes and thereby enhance subsequent memory performance critically broadens the scope of cued memory reactivations during sleep. On a neural basis slow oscillations, sharp wave-ripple complexes, sleep spindles and theta activity seem to be tightly linked to such successful reactivation processes. The results reviewed here provide a solid basis for future research and the development of technical applications, setting the stage for designing cueing of foreign vocabulary during sleep as an potential future technique in order to support vocabulary learning also in an educational setting.
Open Questions:
What is the precise role of theta activity in the context of reactivation processes and how is their exact interplay with slow oscillations and sleep spindles?
How are the behavioral and oscillatory responses dependent on the pre-stimulus micro state, i.e. if cue presentation occurs during the up-or down state of the slow oscillations, inside or outside a sleep spindle, in phase or out-of phase of ongoing theta activity, etc.?
What are the behavioral and oscillatory consequences of reactivation of foreign vocabulary during REM sleep? While odorinduced memory reactivation during REM sleep has revealed no memory benefits (Cordi et al., 2014; , some studies have reported hints for better memory performance after reactivation during REM sleep (Hars, Hennevin, & Pasques, 1985; C. Smith & Weeden, 1990; see Hennevin, Huetz, & Edeline, 2007 , for a review).
Does the degree of prior knowledge of closely related languages constitute an important factor in determining the effectiveness of cueing during sleep? The close relationship of the languages used in our studies might have considerably affected the success of cueing during sleep in our studies. Hence the usage of more distant languages and the manipulation of the pre-sleep learning level in comparable studies might untangle the potential effects of prior knowledge, learning difficulty, and memory strength during encoding on cueing success. Does cueing in a regular fashion affect sleep quality in an undesirable way? In our studies there was no indication that auditory cueing during sleep has any effect on sleep architecture. Thus on a macro level, sleep stages between experimental and control groups where highly comparable. Still, for future practical usage more fine-grained procedures would be needed in order to avoid the involuntary awakenings through auditory stimulation during sleep.
